A newly designed 100-mm-long X-ray trichrome optics for imaging has been proposed. Its working X-ray photon energy is 35 keV. Since this optics has two alternate mirrors, it can simultaneously supply three types of images: absorption, phaseinterference and angle-resolved contrast for a sample space of 7 mm width. Examples of imaging by this novel X-ray interferometer in medicine, biology and material science are presented.
Recently we have proposed a new concept of imaging 1) using a conventional X-ray interferometer 2, 3) in which we emphasize that X-ray interferometry in imaging can provide not only phase-interference contrast [4] [5] [6] but also angle-resolved contrast 7) by utilizing its analyzer wafer. This angle-resolved contrast is actually the refraction contrast based on an early work by Cosslett and Nixon 8) in 1953 which many studies [9] [10] [11] [12] [13] [14] followed. It is well known that an X-ray interferometer can provide imaging with phase-interference contrast. Assuming the phase advance of X-rays φ(x, y: k) while passing through a sample ranging z 0 and z 1 along the direction of optical path z is φ(x, y: k) = 2eλ/mc
where ρ(x, y, z) is a local density of electron at coordinate (x, y, z), e is electron charge, λ is the X-ray wavelength, m is electron mass and c is the light velocity. ρ(x, y, z) and the refractive index n = 1 − δ(x, y, z) has a following relation.
Using (1) the phase-interference contrast I (x, y: k) can be described as follows:
The deflection angle (x, y: k) at z along the direction of x perpendicular to z in the plane of incidence is
This associates with angle-resolved contrast. The absorption
where I (x, y: k) and I 0 (x, y: k) is the X-ray intensity after and before sample, respectively and N m (x, y, z) and µ m is density of atom m and atomic absorption coefficient of atom m, respectively.
In this work in order to visualize the internal structure of a material, we propose a newly designed X-ray trichrome optics that can provide these three types of contrast simultaneously in addition to a larger sample space.
The distance D between S (splitter) and M (mirror), and M (analyzer) and A in a conventional L-L-L X-ray interferometer [2] [3] [4] comprising S, M and A must be the same. The diameter R of the cylindrical shaped sample inscribed in a triangle, which has been formed by diffracted and forward-diffracted beams, can be deduced as R = D sin θ/(1 + sin θ), where θ is the Bragg angle. Since the beam width W is expressed as W = 2D sin θ the ratio 2R/W is 1/(1 + sin θ). The size of the X-ray interferometer is 2D by 4D tan θ .
In a newly designed X-ray trichrome optics, M has been divided into two pieces, MI and MII, as shown in the Fig. 1 . One half of the monochromatic beam available from an asymmetrically cut monochromator penetrates through a sample to project the sample's internal structure due to its absorption contrast onto a film, while the other half, after passing through S, is incident on this sample so that two types of images, namely, phase-interference contrast and angle-resolved contrast are available. Considering application of the X-ray trichrome optics to computer tomography (CT), the shape of a zone for rotating a sample is either cylindrical and/or spherical when choosing the rotation axis vertical to the plane of incidence or spherical when choosing the horizontal one. 2R/W is 1 since both 2R and W are 2D sin θ . The size of the X-ray trichrome optics becomes 3D by 5D tan θ . The ratio of a sample diameter to the X-ray trichrome optics size is 2 sin θ which means that the ratio is always larger compared to that of the ordinary design by a factor between 4/3 and 8/3, depending on θ .
This X-ray trichrome optics was cut out from a 50-mm-thick boule with the orientation of 100 of a floating-zone silicon crystal. The thickness of each wafer was 1.1 mm in design for the (440) diffracting planes. This size of 70 mm for 3D can provide a sample with a beam of 7 mm in size. The entire X-ray trichrome optics including an additional guard space is 100 mm long and 42 mm wide. The X-ray photon energy of 35 keV has been chosen so that one can use metals as sample such as Al with thickness of 5 mm 
to (o-h-o) + (h-h-h), and P2 also corresponds to phase-interference contrast due to (o-h-h) + (h-h-o) and an
Ab image due to absorption contrast corresponding to an image receiving I . The X-ray trichrome optics used in this paper is approximately 100 mm by 42 mm in size. The thickness of each wafer is approximately 1.1 mm. The inset shows the crystallographic orientation. To conserve space, the figure is not to scale.
and X-ray attenuation of 35%. An experiment was carried out at BL14B where the vertical polarization of synchrotron radiation is produced by a horizontal 5T magnetic field that provides the critical photon energy of approximately 20 keV. The horizontal beam size of 2 mm available in the hutch was increased by the asymmetrically cut monochromator on the experimental stage in the hutch and its angular divergence from the outgoing beam is 0.06 arcsec due to the asymmetry factor. 15) The exposure time was on the order of 2-4 min using a Polaroid film, and 10-20 min using an electron microscopy film. Their spatial resolution was 25 µm and 2 µm, respectively. The sample-to-film distance was approximately 150 mm. Commissioning was carried out using a wedgeshaped phase plate to observe equal thickness fringes and a hypodermic syringe containing a 10% iodine contrast agent whose absorption edge is 33.17 keV to observe the three types of contrast. This test was successfully performed. Figure 2 shows the three kinds of contrast available in reinforced SiC fibers 16) in a Ti-15-3 matrix. In the center of SiC with the diameter of approximately 140 µm, a 30-µm-diameter carbon has been built in as cores. All images with different contrast are very clearly shown. All details appear clearly distinguished in both angle-resolved (a) and phase-interference contrast (b and c) of SiC fibers that are spaced approximately 200-300 µm apart horizontally and another 200-300 µm apart vertically to the picture with six layers, 17) whilst in the absorption contrast (d) the number of stripes appears to be approximately 30 based on the result of superimposition of SiC fibers.
The visual and nondestructive inspection of hard ivory from Africa 18) and their mock materials such as the horn of Dutch water buffalo has long been desired. Alternative techniques to identify them have been developed such as infrared spectroscopy 19) and fluorescent spectroscopy. 20) By the present technique, a very clear and distinct difference in the arrangement of fibers, which is probably due to collagen and hydroxyapatite between species has been shown. The ivory structure is very periodic, while that of the Dutch water buffalo looks like branches and leaves of a tree, as shown in Figs. 3(a) and 3(b) , respectively. This is a first visual, suc- Fig. 3 . Details and the difference in the internal structure of ivory and a horn from a Dutch water buffalo is shown at An in Fig. 1 . Their contrast must be due to the refraction effect of fine fibers inside their tissue. The image Ab is not shown because there is almost no contrast. Since phase-interference contrast images P1 and P2 show overlap with equally thick fringes due to their round outer shape, they are not shown here. Each field is 5 mm by 4 mm in size. cessful and clear identification that will be an indispensible technique for forensic study.
21)
A very clear image of trabeculate bone in a human dried proximal phalanx, which is invisible by a conventional X-ray technique. Even plane wave could not have revealed inside structure 22) in angle-resolved contrast and (b) in phase-interference contrast. This technique will be applicable to diagnosis of bone diseases such as osteoporosis.
23)
The ratio of the sample diameter to the length of a conventional X-ray interferometer is sin θ/(1+sin θ), while 2 sin θ/3 for the new X-ray trichrome optics. The ratio between R/W of the new X-ray trichrome optics and that of the conventional one is (1 + sin θ)/, indicating that its value ranges between 1 and 2. In order to reconstruct a CT image based on an angleresolved contrast, development of appropriate software will also definitely be needed so that the internal structure can be precisely imaged based on these three types of images: image based on absorption contrast, based on phase shift and based on angle resolution. In other words, a complete mapping of electron distribution, and integrated interpretation over the atomic and electron distribution will be possible, which is of great importance in understanding the internal electronic structure of matter.
In order to observe a larger sample, a larger X-ray trichrome optics is required. For that purpose, the following technical developments will be required: (1) the growth of a large high-quality floating-zone (FZ) silicon crystal with no striations due to the inhomogeneous distribution of impurities, (2) a novel method of cutting out a larger functional X-ray trichrome optics, (3) means for better spatial resolution, and (4) an alternative technique to improve spatial resolution. It should be noted that there is another approach to make the view field larger. Momose et al. 24) attempts to use a two-crystal X-ray interferometer that requires very fine tuning but can significantly economize the material and they also attempted to thin the analyzer A.
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